Oxygen and carbon isotopes from a continuous, 120-m-long, carbonate-rich core from Bear Lake, Utah-Idaho, document dramatic fluctuations in the hydrologic budget of the lake over the last 250,000 yr. Isotopic analyses of bulk sediment samples capture millennialscale variability. Ostracode calcite was analyzed from 78 levels, mainly from the upper half of the core where valves are better preserved, to compare the isotopic value of purely endogenic carbonate with the bulk sediment, which comprises both endogenic and detrital components. The long core exhibits three relatively brief intervals with abundant endogenic aragonite (50710%) and enriched d
Introduction
Bear Lake, Utah-Idaho ( Fig. 1) , is one of the longestlived, carbonate-generating lakes in North America. In September 2000, a new coring platform, ''Global Lake Drilling to 800 Meters (GLAD800)'' was tested in the lake as part of a collaborative effort aimed at understanding the paleoclimate history of the region (http://dosecc.org/html/ utah_lakes.html; http://climchange.cr.usgs.gov/info/lacs/ index.html). The trials produced two continuous cores, 100 and 120 m long, taken adjacent to one another in $53 m of water. They encompass one of the longest Quaternary sedimentary records from a continuously inundated lake basin that we know of on the continent.
Our objective here is to use the oxygen and carbon isotopes from bulk-sediment carbonate and ostracode calcite to reconstruct millennial-scale hydrologic changes at Bear Lake. We focus on the longer core, GLAD800-00-1E (hereafter, ''00-1E''), which spans roughly a quarter million years (Dean et al., 2002; Colman et al., in press ). We describe the modern Bear Lake system using hydrologic and stable-isotope data from the local streams, the Bear River, and the lake itself. The modern data provide context for interpreting down-core changes measured in core 00-1E.
Geographic and hydrologic setting
Bear Lake straddles the border between northeastern Utah and southeastern Idaho (Fig. 1) . The lake has a surface area of 282 km 2 , a maximum depth of 63 m, and a volume of 8.0 Â 10 9 m 3 . The lake is presently confined to the southern half of Bear Lake valley, an east-tilted half grabben, bounded by active faults (McCalpin, 1993) . On the west, the Bear River Range, with a maximum elevation of approximately 3030 m, is underlain by a thick sequence of Paleozoic marine carbonates, with minor shales and quartzites (Dover, 1995; Oriel and Platt, 1980) . To the east, the Bear Lake Plateau, with a maximum elevation of approximately 2270 m, is composed mainly of early Mesozoic and Tertiary limestones, sandstones, and shales (Dover, 1995; Oriel and Platt, 1980) . Precipitation varies markedly from west to east across the catchment area. The Bear River Range captures most of the moisture from the prevailing westerly storms. Annual precipitation in the Bear River Range , Tony Grove Lake, elevation 2415 m) averages 125 cm yr À1 with the majority falling in the winter (http:// wcc.nrcs.usda.gov/snow/). Precipitation has not been measured on the Bear Lake Plateau, but three stations at lower elevation surrounding Bear Lake average approximately 30.5 cm yr
À1
, with a slight majority falling in the winter (http://wrcc.sage.dri.edu/summary/climsmid and http://wrcc.sage.dri.edu/summary/climsmut.html). A-J are stream sample sites; K is inlet from Mud Lake to Bear Lake; and L-N are lake sample sites. Sites 1-7 are recently exposed spring and seep locations; star is location of core 00-1E. Lake bathymetry is in meters.
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Four large spring-fed streams originating in the Bear River Range and three small spring-fed streams from the Bear Lake Plateau drain into Bear Lake (sites C-I; Fig. 1 ). Dye tests indicate that groundwater flowpaths in the Bear River Range cross geographic divides (Spangler, 2001) , suggesting that a portion of the streamflow may be extrabasinal. A conservative estimate suggests that, prior to the diversion of Bear River water into the lake ca. 1912, the Bear River Range accounted for at least 80% of the surface water delivered to Bear Lake (Fig. 2) . Available instrumental records, combined with an evaporation rate of 0.56 m yr À1 estimated by Amayreh (1995) , suggest that the hydrologic budget of the pre-diversion Bear Lake was balanced, or nearly so (Table 1) , consistent with reports of a small outlet channel that intermittently drained northward from the lake (McConnell et al., 1957; Williams et al., 1962) . Furthermore, instrumental records following the diversion indicate that slightly more water was released from Bear Lake than was diverted into it. A single analysis of lake water from 1912 yielded a total dissolved solid (TDS) load of $1060 mg L À1 (Birdsey, 1989) . Solute input to the lake is dominated by the dissolution of Bear River Range marine carbonates, so is composed mostly of calcium (Ca), magnesium (Mg) and bicarbonate. When Bear Lake is topographically closed, and its water loss is primarily through evaporation, it reaches carbonate mineral saturation resulting in an elevated lake Mg/Ca ratio as most of the calcium is lost to carbonate production (e.g. Eugster and Jones, 1979) . Aragonite has been the dominant carbonate phase produced in Bear Lake throughout the Holocene and should be the dominant carbonate phase whenever the lake is topographically closed and evaporation dominates the hydrologic system.
The contribution of sub-lacustrine and lake-marginal springs to the hydrologic and isotopic budget of the lake is unknown. Recent drought conditions have lowered lake level by over 6 m exposing several lake-marginal seeps and springs (sites 1-7; Fig. 1 ). An unknown number of other sub-lacustrine spring sites are probably still submerged.
The natural channel of the Bear River presently bypasses Bear Lake 13 km to the north (Fig. 1) . The Bear River has its headwaters in the Uinta Mountains approximately 150 km south of Bear Lake. A series of canals constructed between AD 1909 and 1918 connected Bear River to the lake and converted the lake into a reservoir (Birdsey, 1989) . Canal construction was essentially complete by 1912, and we use this date as the nominal date of diversion. Each spring, Bear River flow is diverted via Mud Lake into Bear Lake where it is stored and released downstream later in the summer. The Bear River now accounts for roughly 80-85% of the surface water entering Bear Lake (Fig. 2) . This diversion of Bear River water through Bear Lake over the last 90 yr has reduced the TDS load of the lake to about 500 mg L À1 (Table 1 ). The cyclical flushing of Bear River water has reduced the Mg/Ca and the lake now precipitates high-Mg calcite. The Bear River has delivered water to Bear Lake at other times prior to the 1912 diversion. The lake level is presently only a few meters below its topographic threshold, and there are no obvious geomorphic features capable of impounding a higher lake. However, geomorphic and stratigraphic evidence, coupled with amino acid geochronology, indicate that the level of Bear Lake exceeded the present level several times during the Quaternary (Laabs and Kaufman, 2003) . Because of the basin morphology, Bear River and Bear Lake would have mixed whenever the lake expanded northward and intersected the channel of the Bear River.

Sampling and analytical methods
Water sample collection
Water samples for stable isotope analyses were collected from nine streams surrounding Bear Lake ( 
Carbonate bedrock and detrital carbonate in local streams
We sampled the majority of the major carbonate rock units from the surrounding highlands (n ¼ 9), and sediment from the bed of inflow streams (n ¼ 7). The finegrained fraction (o63 mm) of the stream sediment was analyzed for oxygen and carbon isotopes. In addition, carbonate rock and tufa grains (150-250 mm size fraction) from one stream on both sides of Bear Lake were isolated and analyzed separately.
Core 00-1E
Core 00-1E was initially sampled at 1 m spacing ($2000 yr resolution) with each sample being $3 cm thick. The samples were washed over 150 mm sieves to remove ostracode valves and sand-sized clastics. Ostracode valves are well preserved in the upper 65 m of core 00-1E; below 65 m the valves are fragmented, and only the robust shells of Cytherissa lacustris are preserved whole (Bright and Kaufman, 2005) . A total of 120 sieved (o150 mm) bulksediment samples and 78 samples of the ostracode genus Candona (53 samples, 2-3 whole adult valves per analysis above 65 m, and 25 samples, 4-6 adult fragments per analysis below 65 m) were analyzed for oxygen and carbon isotopes. The core was then resampled (n ¼ 255) to increase the bulk-sediment resolution to roughly 30-40 cm spacing ($700 yr), with each sample being 1 cm thick. Because of their small sizes, these samples were not sieved for ostracodes and were analyzed, in their entirety, as homogenized powders. A comparison of sieved versus non-sieved bulk sediment (Bright, 2003) C. R std refers to the VPDB standard.
Results and discussion
All of the oxygen-and carbon-isotope data on core 00-1E bulk-sediment carbonate and ostracode calcite are listed in Appendices A and B and plotted in Fig. 3 .
Present-day water d
18 O and d 13 C in the Bear Lake watershed 
Influence of detrital carbonate
The bulk sediment of Bear Lake contains a variable mixture of endogenic and detrital carbonate. While the flux of detrital carbonate changes over time, d
18 O detrital and d 13 C detrital probably remain relatively constant, reflecting the integrated composition of carbonate detritus within the drainages. Detrital carbonate may obscure or overwhelm the endogenic carbonate depending on the relative proportion of endogenic to detrital carbonate in the bulk sediment. Therefore, changes in the isotopic ratios of bulk sediment (d 18 O bulk and d 13 C bulk ), although possibly related to climatic changes, may also result from geomorphic changes that physically shift the endogenic/detrital-carbonate ratio in the bulk sediment, independently of climate.
Carbonate rocks surrounding Bear Lake exhibit a wide range of d
18 O (À5 to À13%) and d 13 C values (À2 to 3%) (Table 3) . These values are lower than typical marine %Aragonite is determined by X-ray diffraction (intensity of the main aragonite peak divided by the sum of the main peak intensities for all minerals). Table 2 Locations, elevations, d 18 O core 00-1E, which are more enriched than the tufa (Fig. 4) . During periods of aragonite production the endogenic carbonate component in the bulk sediment probably overwhelms any detrital (both tufa and bedrock) influences. Detrital carbonate may have a larger impact on d
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18 O bulk and d 13 C bulk over the nonaragonite intervals in core 00-1E. In some sections of core 00-1E, carbonate (determined by coulometry) makes up p25% of the total bulk sediment (Dean et al., unpublished data) , and d
18 O bulk and d 13 C bulk often approach the aggregate bedrock values (Figs. 3 and 4) . This suggests that detrital bedrock is a significant component in these sediments. We assume that the detrital carbonate reaching the core site is a mix of west-and east-side rock sources, and we take the average 
Isotopes in ostracode calcite
Like other endogenic calcite, the isotopic value of ostracode valves depends on the isotopic value of the water mass at the time of valve calcification (e.g. von Grafenstein, 2002) . Because ostracodes do not incorporate detrital carbonate in their valves, they are often better indicators of lake-water isotopic ratios than bulk sediment. On the other hand, because some ostracodes burrow into the sediment to calcify their valves, the isotope values may reflect sediment pore-water chemistry rather than the (von Grafenstein et al., 1999; Leng and Marshall, 2004) . Interpreting fluctuations in ostracode calcite d 13 C is complex as it reflects the d 13 C of the DIC of the surrounding water, which is affected by many factors, such as photosynthetic activity, temperature, dissolved CO 2 , methanogenesis and methane oxidation, sulfate reduction, and the d 13 C of local inflow as influenced by the surrounding plant communities (Talbot and Kelts, 1990; Nordt et al., 1994; Kendall et al., 1995; Li and Ku, 1997; Lojen et al., 1999; Vrecˇa, 2003 
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Isotopes in core 00-1E bulk sediment
We subdivided the stable isotope record from core 00-1E into six sections based on shifts in its isotopic characteristics (Figs. 3 and 4) O and d 13 C of bulk sediment carbonate from core 00-1E. Open square is average value of hand-picked carbonate grains from Swan Creek and North Eden Creek, used here to approximate the value of carbonate detritus; crossed circle is average value of o63 mm fraction of bulk sediment from seven streams surrounding Bear Lake; crossed square is average value of hand-picked tufa grains from three streams surrounding Bear Lake (see Table 4 18 O-d 13 C correlation coefficient in endogenic carbonate would be low). We also acknowledge that some of the differences in d
18 O bulk might reflect differences in isotopic fractionation between calcite and aragonite (e.g. Bo¨hm et al., 2000) . The extent of this fractionation is minor compared to the shift in d
18 O bulk between sections, however.
Paleoclimate interpretations
Inferred response of Bear Lake sediment to climatic change
During glacial periods, lower temperatures and higher effective moisture (Benson, 1986; Lemons et al., 1996) , and a shift in local vegetation to C 3 -dominated plant communities (Rozanski et al., 1993; Nordt et al., 1994) , should decrease both d
18 O input and d
13
C input to Bear Lake. However, if the lake expanded over the flat northern half of Bear Lake valley, the surface-area-to-volume ratio, and associated evaporative loss would increase, at least during the initial stages of the transgression. We therefore assume that, even under a glacial climate, Bear Lake might generate relatively enriched endogenic carbonate.
Periods when the Bear River discharged directly into Bear Lake should be recognizable by the lowest d
18 O values in endogenic carbonate compared with that of any other lake configuration, especially during periods when air temperature is low and winter precipitation dominates. The isotopic response of the lake to the input of Bear River is complicated by variables that affect the delivery of stream sediment to the core. If the detrital carbonate flux to the core site increases, then d
18 O bulk and d 13 C bulk approaches d
18 O detrital and d 13 C detrital . On the other hand, the mouth of the Bear River was never closer than 13 km from the core site where the impact of the distal river inflow might be difficult to decipher based on the bulk sediment. Unlike the bulk sediment, the isotopic value of ostracode calcite is not compromised by the detrital input; it decreases when the Bear River enters the lake.
Under warm/dry climates, we assume that Bear Lake is restricted to a topographically closed basin or has minimal outflow, similar to modern pre-diversion conditions. Its bulk carbonate is primarily endogenic aragonite with enriched isotope values in the bulk-sediment and ostracode carbonate.
Synthesis and correlation with marine oxygen-isotope stages
The available chronological control for core 00-1E, while not definitive, is sufficient to roughly assign these core segments to marine oxygen-isotope stages (OIS) (Fig. 3) . The chronology is based on 14 C, U-series, and other data that are discussed in detail in a companion paper (Colman et al., in press).
OIS 7
The basal section of core 00-1E (121-100 m) contains sediment and ostracode calcite with variable and occasionally elevated stable isotope values, especially in the ostracodes (Fig. 3) . The d
18 O bulk -d 13 C bulk correlation coefficient in this section is high (r ¼ 0:74, n ¼ 64; Table 5 ). The stratigraphic position of this interval below an aragonite-rich interval that can be confidently assigned to OIS 5e, enriched 18 O and 13 C isotopes, and presence of aragonite at $103 m suggest that these sediments were deposited during OIS 7. interval at $112 m. The lack of aragonite in those sediments suggests that the lake's Mg/Ca ratio did not cross the threshold necessary to produce aragonite. Bear Lake was topographically closed, highly evaporative, and fully disconnected from the Bear River during the aragonite interval at 103 m, however. The d 18 O Candona values from the aragonite interval at $103 m are comparable to Candona values from the two other major aragonite intervals that have been confidently assigned to OIS 5e and 1 (Fig. 3) .
OIS 6
The overlying section ($100-69 m) contains sediment with depleted and relatively consistent d
18 O bulk values, variable d 13 C bulk values, and variable Candona stable isotope values (Fig. 3) . The d
18 O bulk -d 13 C bulk correlation coefficient in these sediments (r ¼ 0:42, n ¼ 103; Table 5 ) is lower than in the underlying section, indicating a change in the sediment isotopic characteristics. The d 13 C bulk varies by nearly 5%, considerably more than d
18 O bulk, which hovers around À9.770.6% (n ¼ 94). This value is generally 1-2% lower than our inferred d
18 O detrital value, suggesting that, while endogenic carbonate is present, detrital carbonate probably constitutes a large portion of the total carbonate. Based on its stratigraphic position between two aragonitic intervals, and its isotopic characteristics, we assign this section to OIS 6. (Fig. 4) . The Candona stable isotope data show significant depletions in d
18 O lake and d 13 C lake between 97-85 and 82-72 m depth (Fig. 3) . While the chronology does not allow for detailed comparisons to other climate records, the two depletion events in the Bear Lake OIS 6 record may be correlative with the two OIS 6 interstadials in the Devils Hole and SPECMAP records. Alternatively, they may be related to pulses of glacial meltwater discharged from the Uinta Mountains.
OIS 5e
Both bulk sediment and Candona isotope values increase at 68 m, and aragonite dominates the bulk-sediment mineralogy, similar to the upper Holocene sediments (Fig. 3) , and the d 18 O bulk -d 13 C bulk correlation coefficient is high (r ¼ 0:83, n ¼ 21; Table 5 ). The aragonite at 65 m has a U-Th age of $128 ka (Colman et al., in press) and the Blake paleomagnetic excursion ($121 ka) has been tentatively identified at 64.3 m. We assign this central section ($68-62 m) etc.) in the lake sediments during the last interglaciation. The overall hydrologic and isotopic characteristics of Bear Lake were probably similar to modern (pre-1912) . The depletion event at 64 m is best explained by an incursion of Bear River water into the lake.
OIS 5d to 5a
We interpret the decrease in isotopic values of bulk sediment and the cessation of aragonite deposition at $61 m as the termination of OIS 5e (Fig. 3) . Ostracode d
18 O values fluctuate but overall remain high until $37.5 m, however. Based on its stratigraphic position and isotopic characteristics we assign the sediment between $61 and 37.5 m to the later substages of OIS 5. Overall, the d 18 O bulk -d 13 C bulk correlation coefficient in this section is high (r ¼ 0:77, n ¼ 74; Table 5 ). The enriched d
18 O Candona and the brief occurrence of aragonite at $56 m (Fig. 3) suggests that Bear Lake was at times confined to a topographically closed basin, although two large depletion events at 54 and 44 m and two weaker events at $59 and 50 m (more pronounced in the carbon than in the oxygen) suggest periodic input from the Bear River.
The 18 O-depleted influxes of water at 61, 54, 49.5, and 44 m, with the lake becoming progressively more depleted during each (Fig. 3) . The magnitude of these depletions implies the impact of the Bear River. The d 13 C Candona values in this section of core are more enriched than in the previous section, suggesting that the mechanism that produced more depleted d 13 C Candona during OIS 5e was no longer effective. The d 13 C Candona values, however, are consistently lower than d 13 C bulk , indicating that 12 C-liberating processes were still operating within the lake sediment. The isotopic and hydrologic budgets of Bear Lake during the deposition of this segment of core were apparently complex, and resulted in bulk-sediment and ostracode isotope fluctuations that only weakly parallel the well-known OIS 5a-5d structure of other paleoclimate records (e.g. SPECMAP and Devils Hole).
OIS 4 to 2
Between 37.5 and 10 m ostracode d 18 O values are lower and more stable than below, whereas the bulk sediment values remain similar (Fig. 3) (Fig. 3) . On the basis of correlation of these properties with those of 14 C-dated gravity cores taken in 1996 (Rosenbaum et al., 2001 ), the sediment above 10 m was deposited during the Holocene. Stable isotope values in this segment are enriched, and the d 18 O bulk -d 13 C bulk correlation coefficient is high (r ¼ 0:98, n ¼ 28; Table 5 ) and along with the aragonitic bulk sediments, suggests that Bear Lake was topographically closed, evaporative, and productive throughout the Holocene. The abrupt isotopic enrichment at $10 m records the transition out of the Pleistocene. Evidence for the major climate changes known from elsewhere during the Pleistocene-Holocene transition do not appear to be present in our coarsely sampled record, although d
18 O bulk exhibits a negative excursion before attaining Holocene values. The prominent depletion event at $7.2 m records an interval of increased inflow during the early Holocene. Because of the coarser sampling interval, the event at $7.2 m was not represented in the ostracode data. The decrease in d
18 O bulk suggests that Bear Lake overflowed at this time, and was likely accompanied by a shoreline transgression (Laabs and Kaufman, 2003) C Candona is several per mil lower than d 13 C bulk during the deposition of the main aragonitic sections (OIS 7a and 5e) and throughout the Holocene. Chemical reactions such as methane oxidation or sulfate reduction may be enhanced when the lake is topographically closed. 5. The oxygen-and carbon-isotopic record from core 00-1E is interpreted as follows. OIS 7: During the penultimate interglaciation, Bear Lake apparently fluctuated between a topographically closed and open basin. It is unclear if the fluctuations were in response to changes in effective moisture, possibly associated with substages within OIS 7, or to non-climatically induced fluctuations in the input from the Bear River. OIS 6: The penultimate glacial climate at Bear Lake was apparently cold and dry and associated with an unexpectedly enriched d 18 O lake . Two large depletion events during OIS 6 may be correlative with OIS 6 interstadials preserved in other global and regional climate records. OIS 5: During the peak of the last interglaciation (OIS 5e), the hydrologic and isotopic characteristics of Bear Lake were probably similar to the pre-diversion modern lake. During much of the later substages of OIS 5 the lake periodically received water from the Bear River and probably overflowed to some degree. OIS 4 to 2: During the last glacial cycle, the influence of climate on the isotopic proxies was masked by interactions with the Bear River and are difficult to decipher. The depleted ostracode d
18 O suggests that Bear Lake was aggressively overflowing and fed by the Bear River throughout OIS 2. OIS 1: During the Holocene, sustained isotopic enrichment and the dominance of aragonite in the bulk sediment indicates that the lake remained topographically closed, except for a brief overflow episode and potential mixing with the Bear River, at a depth of $7.5 m. 6. The stable isotope data suggest that the Bear River repeatedly and intermittently discharged into Bear Lake during the last 250,000 yr. The Holocene configuration of an isolated, aragonite-producing lake confined to the southern end of Bear Lake valley is unusual in context of the last 250,000 yr.
